Birds are physiologically polyspermic, with normal embryonic development following penetration of the inner perivitelline layer (PVL) of the ovum by multiple sperm. The PVL traps dozens to thousands of the sperm present at the time of fertilization, providing information about the number of sperm that traversed the females' reproductive tract and reached the ovum. Broadly, across avian species, the number of sperm detected on the PVL is positively related to ovum size and female body mass. However, relatively few studies have characterized the amount of variation that occurs within and between closely related species that are similar in size. We characterized variation in the average number of sperm trapped by the PVL, across species and between and within breeding pairs, in 3 similar-sized species of estrildid finch. The average number of PVL sperm changed significantly across the laying order in 2 of the species, and there was significant variation between breeding pairs in all 3 species. The variation in PVL sperm number was not always consistent within a pair across multiple breeding attempts (2 species examined). Our data highlight the need to better understand the patterns and processes of selection that optimize and alter the number of sperm reaching the ovum within and across species. Keywords: fertilization, Gouldian Finch, Long-tailed Finch, polyspermy, sperm competition, sperm-egg interactions, Zebra Finch
INTRODUCTION
Physiological polyspermy, the regular occurrence of multiple sperm penetrating the inner perivitelline layer (PVL) of the ovum, was first described as a normal part of avian fertilization more than a century ago (Harper 1904) . The presence of nonpenetrating sperm caught on the PVL was later described (Bobr et al. 1964 ) and subsequently detailed to be specifically embedded in the outer PVL, which is laid down as the egg traverses the infundibulum (Bellairs et al. 1963 , Bain and Hall 1969 , Bakst and Howarth 1977 . The number of trapped sperm is positively correlated with the number of sperm that have penetrated the ovum and is a good proxy for the number of sperm present at the surface of the egg at the time of fertilization (Birkhead et al. 1994 , Wishart 1997 , Lifjeld et al. 2000 . Although only a single sperm is required for successful fertilization, more appear to be required for early embryo survival (Mizushima et al. 2014, Hemmings and . In studies of domesticated and wild birds, the likelihood of fertilization of an ovum appears to drop significantly when the number of sperm trapped in the PVL falls below about 30-200 (Wishart 1997 , Birkhead and Fletcher 1998 , Török et al. 2003 . However, too many sperm can cause developmental failure (Fechheimer 1981 , Christensen et al. 2005 , Mizushima et al. 2008 . Therefore, the number of sperm trapped on the PVL may reflect an optimal number of sperm that must be present at the time and site of fertilization to ensure normal development (Birkhead et al. 1993 , Snook et al. 2011 .
The excessive number of sperm intimately associated with successfully fertilized eggs may reflect the fact that the fertilization target area of the germinal disc (GD) is a very small target on the relatively large, yolky avian egg. Consequently, it makes sense that the number of sperm on the PVL is positively related to the size of the ovum (Birkhead et al. 1994) . In their interspecific comparative study across 26 bird species-which varied in size from Eurasian Penduline-Tit (Remiz pendulinus) to Greater Rhea (Rhea americana)- Birkhead et al. (1994) demonstrated that the average number of sperm trapped by the PVL varied from 29 to 164,000. However, while at a broader level the interspecific variation in egg size (correlated with female body size) certainly explains a lot of the variation in the number of trapped sperm between species, variation across similar-sized species remains to be thoroughly explained.
Intuitively it might seem that the number of sperm at the site of fertilization will be affected by the mating system and the intensity of sperm competition. In polygynous species, in which females mate with multiple males and the risk of sperm competition is high, males should be favored by selection if they inseminate females with larger numbers of sperm (Parker 1984) . However, it is interesting to note that in their comparative analysis, Birkhead et al. (1994) found the lowest average number of sperm per egg to be present in the Dunnock (Prunella modularis), a species with a particularly high level of sperm competition (Burke et al. 1989 (Burke et al. , 1991 . The low level of sperm present on the PVL of the polyandrous Dunnock is also consistent with the idea that there may be costs of having too much sperm present at the site of fertilization. Although in polyandrous species there will be selection on males to inseminate relatively large amounts of sperm (to be competitive in sperm competition), females are likely to control either insemination, storage, or transfer up to the point of fertilization and to filter out lots of sperm along the way. Thus, the overall number of sperm on the PVL in a species may therefore reflect the current resolution of a conflict between the 2 sexes (in species that are not completely monogamous; Rice and Holland 1997) , and each species may be at a different point of equilibrium (Morrow et al. 2002, Hasson and Stone 2009) .
In addition to the variation across species, there is also likely to be variation within a single species. Although Birkhead et al. (1994) provided an excellent overview of sperm numbers in relation to large-scale differences in body size, species were assayed through a sample of ,10 eggs in most cases (20 of 26 species). Only half of the species (13 of 26) had whole clutches sampled from more than one female, and only one species had more than 3 clutches sampled (Birkhead et al. 1994) . To date, relatively few (non-production) avian species have been characterized in relation to the variation that exists in the number of sperm found on the PVL between individuals and across the laying order. Variation across and within pairs and clutches with unrestricted mating has been characterized in just 4 passerine species: Great Tit (Parus major), Blue Tit (Cyanistes caeruleus), Bluethroat (Luscinia svecica), and Tree Swallow (Tachycineta bicolor) (Lifjeld et al. 2000 , Johnsen et al. 2012 . Lifjeld et al. (2000) found that Great Tits have twice as many sperm present in their eggs in comparison to Blue Tits, although the former's eggs are only 30% larger by volume than the latter's. Additionally, the total number of sperm per egg across the laying order varied significantly in Blue Tits, but not in Great Tits. However, in both species, the variance in numbers of sperm per egg was higher within clutches than between clutches (Lifjeld et al. 2000) . In another species, the Zebra Finch (Taeniopygia guttata), sperm numbers in eggs were studied most extensively in pairs in which mating access was restricted and typically when they were housed as a single pair (Birkhead et al. 1993, Birkhead and Fletcher 1998) . These studies found no difference in the number of PVL sperm per egg across a clutch in either domestic birds (singly housed; Birkhead et al. 1993, Birkhead and Fletcher 1998) or wild-derived birds (how these birds were housed is not described; Birkhead et al. 1993) .
Here, we investigate PVL sperm variation in 3 estrildid finch species, all endemic to Australia: Gouldian Finch (Erythrura gouldiae), Long-tailed Finch (Poephila acuticauda), and Zebra Finch. These species are of comparable body size and lay similar-sized clutches (2-8, usually 4-6), and all form socially monogamous pair-bonds to breed (Higgins et al. 2006) . We counted the sperm that were trapped on the outer PVL in these 3 species to characterize variation in sperm numbers across the laying order, both within and across pairs. These data were collected over several years, with the earliest sample processing (Gouldian Finch) mirroring the collection and quantification technique that focused on PVL sperm around the GD (Birkhead et al. 2008) . In the later work on the Long-tailed Finch and Zebra Finch, we adopted a more comprehensive approach and counted all sperm present on the whole PVL, while keeping a record of which were found in the GD region (merging the techniques used in a range of previous work on songbirds by Birkhead et al. 1993 , 1994 , Lifjeld et al. 2000 , Johnsen et al. 2012 . Our major goal here is to provide a comprehensive description of intraspecific variation in PVL sperm numbers of closely related species in order to highlight the variation that exists and stimulate future studies that address the relevance of that variation.
METHODS

Bird Maintenance and Egg Collection
The main set of samples was collected from breeding pairs of each study species using a forced-pair design in which a male and a female were placed together in a cage and given the opportunity to breed. A small subset of samples from wild-derived Zebra Finches breeding socially in an aviary containing~50 pairs was also collected (these individuals were either wild-captured themselves or were the offspring or grand-offspring of wild-captured individuals). All birds were provided with food and water ad libitum, as well as a nesting box and nesting material. Both Gouldian and Long-tailed finches occur in different forms, and-given the possibility of heteromorphic (or subspecific) genetic incompatibility (Pryke and Griffith 2009 )-we restricted our work in these species to assortatively mated pairs only. A single clutch of eggs was collected from each of 12 pairs of virgin Gouldian Finches (all 1 yr old; 7 black-headed pairs and 5 red-headed pairs, 1 pair to each cage), maintained in climate-controlled rooms at 258C in cages (47 3 76 3 40 cm) and provided with both dry seed and green seed. Two complete clutches of eggs were collected from each of 10 pairs of Long-tailed Finches-5 pairs of the yellow-billed subspecies, P. a. acuticauda; and 5 pairs of the red-billed subspecies, P. a. hecki-either wild-captured or F 1 generation birds bred in captivity, 1-5 yr of age, with unspecified prior breeding experience (some may have bred, others not). The Longtailed Finches were maintained on dry finch seed supplemented with a mix of blended peas and spinach and Queensland fruit fly pupae (Bactrocera tryoni). Two complete clutches of eggs were collected from each of 17 pairs of domestic Zebra Finches that were~18 mo of age and had previously bred together. The Zebra Finches were maintained on dry finch seed and daily supplement (green pea mix and hard-boiled egg). Both Long-tailed Finches and Zebra Finches were single-pair housed in outdoor aviaries (4.1 3 1.85 3 2.24 m). Lastly, a single clutch was collected from each of 4 pairs of free-breeding, wildderived Zebra Finches (mixed parental and 1-to 5-yr-old generations), maintained as a large social population in 4 connected outdoor aviaries (each 10 3 8 3 2.5 m). All pairs were unique, except for one male and one female Gouldian Finch that were each represented in 2 separate pairs. Each egg was collected on the day it was laid, weighed, and replaced with a dummy egg, until the clutch was determined to be complete (i.e. when females laid no further eggs for !2 consecutive days). Eggs were maintained at 48C and processed within a few weeks of laying (Gouldian Finch and Long-tailed Finch) or were frozen after collection (À208C and held for no more than a year) and then slowly thawed at 48C before processing (Zebra Finch). We froze these eggs for logistical reasons, as there was no time to process them fresh at the time they were collected, because of other unrelated work being conducted at that time. We validated the protocol of freezing and thawing them by directly comparing some trial eggs from other Zebra Finch pairs in a previous preliminary study. These eggs were processed either fresh or after freezing, and freezing did not appear to affect either the appearance or the structure of the PVL or the sperm. Furthermore, sperm numbers aligned with those previously reported (Table 1 ; Birkhead et al. 1994, Birkhead and Fletcher 1998) , suggesting no reason to believe that freezing the eggs compromises the detection of sperm. The samples of the different species were collected over several years, with Gouldian Finch data being collected from early to mid-2010, Long-tailed Finch data from late 2013 to mid-2014, and Zebra Finch data from late 2014 to early 2015.
Egg and PVL Processing
Collection of the PVL and quantification of sperm followed previously described methods, which we adapted over the course of our study (Birkhead et al. 2008 , Johnsen et al. 2012 . In all cases, eggs were cut open with fine scissors and the shell and albumen discarded. The yolk was rinsed and then placed in a small weighing boat with the GD facing up. Gouldian Finch PVLs were processed as described in Birkhead et al. (2008) , using a donut-shaped piece of filter paper (outer diameter ¼ 6 mm, inner diameter ¼ 3 mm) to aid in supporting the PVL while isolating and cutting out a section containing the GD around the paper's edge. This section of PVL was then gently removed from the filter paper in phosphate buffer saline (PBS; Sigma, 0.01 M:0.0027 M potassium chloride and 0.137 M sodium chloride, pH 7.4, at 258C) before proceeding. Long-tailed Finch PVLs were processed in the same manner, but the non-GD portion of the PVL was also collected. Zebra Finch PVLs were cut approximately in half (following Johnsen et al. 2012) , with the GD centered on one side of the PVL approximating the size of the 6 mm diameter of the filter paper donut. This was easy to manage because, once frozen, yolks remain semisolid and thus do not deflate when the PVL is cut, as fresh yolks do.
The sections of PVL (GD only for Gouldian Finch, both GD and non-GD sections for other 2 species) were gently washed in PBS to remove yolk, stretched flat on a microscope slide, and stained with 15 lL of Hoechst 33342 fluorescent dye (Sigma, 5 lg mL À1 ). Slides were incubated for 10 min in the dark before counting. Slides were viewed using a fluorescence microscope (Leica DM5000B) with a BP 340-380 excitation filter and an LP 425 suppression filter. The sperm on the PVL were counted by systematically scanning the slide at 2003. Independent of PVL handling method, in all species all stained sperm in the GD portion of the PVL were counted (hereafter ''GD sperm''). In Long-tailed and Zebra finches, the sperm on the remainder of the PVL was also counted (hereafter ''non-GD sperm'') and added together to determine the total number of sperm.
We counted only the number of sperm trapped on the outer PVL, and not the number of holes in the inner PVL created when sperm penetrate. It has been demonstrated that the number of sperm trapped on the PVL is correlated with the number of holes on the inner PVL, so the PVL sperm represents an index of the total number of sperm present (Birkhead et al. 1994 , Lifjeld et al. 2000 . Analysis R 3.2.3 (R Core Team 2017) was used for analyses using package 'lme4 0 (Bates et al. 2015) . To analyze differences in a given PVL sperm number, we ran generalized linear mixed models using a Poisson distribution; summary z values are reported with P values generated using package 'lmerTest' (Kuznetsova et al. 2016) . Analysis of variance (ANOVA) P values for regression coefficients were obtained using the 'car' package, which reports the chisquare value with the P value (Fox and Weisberg 2011) . All models had, at minimum, egg number (in order of lay) as a fixed factor, and pair identity and row identity as random factors. Row identity creates a unique identifier that is used for calculating residual variance (Nakagawa and Schielzeth 2013) . For interspecies comparison of GD sperm, species identity was added as a fixed factor. In Long-tailed Finch and Zebra Finch models, clutch was added as a fixed factor. In these models, the random effect of pair identity had random intercepts as well as slopes by using an interaction with the order effect of clutch (Nakagawa and Schielzeth 2013, Johnson 2014) . Residuals were visually inspected for normality and homogeneity. Variation between eggs was assessed using pairwise comparisons with Tukey contrasts, but, because consecutive change between eggs was of TABLE 1. Summary statistics for sperm numbers on the perivitelline layer (PVL) of the first 5 eggs in clutches from Gouldian Finches, Long-tailed Finches, and Zebra Finches (domestic paired and wild-derived social breeding), and similar data (where applicable) from other species in the literature. Significant difference in number of sperm on PVL across a clutch is reported from all studies (n.s. ¼ nonsignificant difference, P value not reported). All studies report total sperm on the outer PVL except Lifjeld et al. (2000) , whose total also includes holes in the inner PVL in partial (~3 eggs clutch The Auk: Ornithological Advances 134:832-841, Q 2017 American Ornithological Society interest, the main models were releveled to obtain P-value contrast to egg of interest. For each model, the intraclass correlation coefficient (ICC) for pair identity and the marginal R 2 for the fixed effects were calculated along with conditional R 2 of the total model, using the 'MuMIn' package (Bartoń 2016) . The results of the random factor are reported below as ICC. Results are reported as means 6 SE unless otherwise noted.
RESULTS
Interspecific Variation in PVL Sperm Number
There was not a significant difference among species in the average number of sperm observed on the GD portion of the PVL (GD sperm; v 2 2 ¼ 0.80, P ¼ 0.67; Table 1 ). However, how GD sperm varied across the laying order did differ (v 2 4 ¼ 11.7, P ¼ 0.02). We did not have data on PVL total sperm (i.e. sperm on the entire PVL) from Gouldian Finch, but in Zebra Finch and Long-tailed Finch we found a similar nonsignificant difference between the species total numbers of sperm per egg (v 2 1 ¼ 0.40, P ¼ 0.52).
Intraspecific Variation in PVL Sperm: Variation within and between Clutches
Gouldian Finch. We used 41 eggs from 10 clutches of 10 unique pairs in the analysis below. Originally, 53 eggs were processed from 12 whole clutches (11 females, 1 bred separately with 2 males). The female that paired twice had no sperm on any of her eggs; therefore, these 2 clutches (5 eggs in total) were removed from the subsequent analysis. Restricting analysis to only the first 5 eggs of a clutch removed a further 7 eggs from the analysis.
GD sperm. The number of GD sperm per egg averaged 57.85 6 10.58 (range: 0-295; Table 1 ). Two clutches contained one egg with no GD sperm, but these occurred in different positions in the laying order. Overall, the number of GD sperm changes significantly over the clutch (v 2 4 ¼ 11.2, P ¼ 0.02), primarily due to an increase from egg 1 to 2 (z ¼ 3.03, P ¼ 0.02), followed by a decrease from egg 2 to 3 (z ¼ À2.21, P ¼ 0.03) (Figure 1 ). Random factor variation showed that there was no consistent pattern of change in the number of GD sperm across the laying order between pairs (ICC ¼ 0.58). This could be driven primarily by 2 pairs that had higher-than-average sperm counts. These same 2 pairs also appeared to drive the high variance in the number of sperm per egg, especially in their fifth egg, which had more than twice the number of GD sperm than other eggs in the laying order, with GD sperm counts of 202 and 295 sperm in the fifth eggs (SE ¼ 50.24 vs. SE ranging between 8.97 and 20.23 in first 4 eggs).
Long-tailed Finch. We used 90 eggs from 20 clutches, 2 clutches from each of 10 unique pairs, for the analysis below.
GD sperm. The number of sperm on the PVL per egg averaged 64.13 6 6.81 in the GD region (range: 0-304; n ¼ 81). The number of GD sperm per egg differed significantly across the clutch (v 2 4 ¼ 13.1, P ¼ 0.01), showing an increase from first to second egg (z ¼ 2.16, P ¼ 0.03), significantly decreasing again by egg 4 (z ¼À2.86, P , 0.01) (Figure 1 ). This pattern was common in most but not all clutches. Only 2 clutches, from separate pairs, contained eggs with no GD sperm, but at different points in the laying sequence. The numbers of GD sperm and non-GD sperm were significantly, positively correlated (r ¼ 0.776, P ¼ 0.001, n ¼ 86; Figure 2A) .
The variance in the number of GD sperm across clutches was mostly partitioned between pairs (ICC ¼ 0.62), but within pairs there was not a significant change between the first and second clutch (v 2 1 ¼ 2.66, P ¼ 0.10). The difference between pairs appears to be largely driven by a few pairs (see below).
Total sperm. The total number of sperm trapped on the PVL per egg averaged 134.96 6 13.57 (range: 0-527; n ¼ 97), which varied significantly with egg number (v 2 4 ¼ 14.6, P , 0.01). As with GD sperm, there was a significant increase from the first to the second egg (z ¼ 2.51, P ¼ 0.01), which significantly decreased again with egg 4 (z ¼ À2.55, P ¼ 0.01). The total number of sperm did not differ Paired domestic Zebra Finch. We used 159 eggs from 34 clutches of eggs, 2 clutches each from 17 pairs, in the analysis below.
GD sperm. The average number of GD sperm per egg was 51.10 6 3.71 (range: 1-234), which was positively correlated with non-GD sperm (r ¼ 0.647, P ¼ 0.000, n ¼ 102) ( Figure 2B ). The number of GD sperm did not differ significantly across the clutch (v 2 4 ¼ 3.74, P ¼ 0.44; Figure 1 ), but there was significant variation in GD sperm numbers within pairs (v 2 1 ¼ 7.12, P , 0.01). There was also a high degree of variation between pairs (ICC ¼ 0.63).
Total sperm. The average total number of sperm was 106.31 6 6.54 (range: 3-489) and did not change significantly across the clutch (v 2 1 ¼ 3.63, P ¼ 0.46). This appears to be a consequence of erratic patterns in the total number of sperm per egg rather than a consistent number of sperm per egg (Figure 4) . As a result, there was a significant difference between clutches within pairs (v Social wild-derived Zebra Finch. We used 20 eggs from 4 clutches in the analysis below.
GD sperm. In 20 eggs, produced by 4 pairs in a social setting, the average number of GD sperm was 65.6 6 8.46 (range: 1-153; Table 1 ). The average number of GD sperm did not differ across clutches (v Comparison to paired domestic Zebra Finch. Although the sample size is admittedly low for the wild-derived Zebra Finch sample, there was no significant difference in the number of sperm between these and the domestic Zebra Finches as sampled above, in either the pattern of variation across a clutch in GD sperm numbers (v The variance in GD and total number of sperm was lower when the wild-derived and domestic Zebra Finches were pooled (ICC ¼ 0.44 and 0.40, respectively).
DISCUSSION
We did not find significantly different numbers of sperm trapped in and around the germinal disc (i.e. GD sperm) of the PVL across the 3 species of estrildid finch. Despite there being no significant difference between species, Long-tailed Finches had 11% more GD sperm, on average, than Gouldian Finches, and 20% more than Zebra Finches. The pattern in the number of GD sperm per egg across the laying order did vary across species. Gouldian Finches and Long-tailed Finches both exhibited a significant change in the number of PVL sperm across the laying order of a clutch, whereas there was no such pattern in the Zebra Finch. Furthermore, we found significant variation across and within pairs in our sample that are interesting and demand further explanation. Within pairs of Long-tailed Finches, the number of sperm on the PVL had a reasonable level of consistency across 2 breeding attempts, but there was no such consistency in Zebra Finches. These patterns held true in Long-tailed Finches and Zebra Finches, regardless of whether we looked at GD sperm alone or at the total number of sperm on the PVL. Given that the number of sperm present on the PVL seems likely to influence the fertilization success of eggs (Birkhead and Fletcher 1998) , this variation may contribute to differences in the fitness of different individuals or pairs. Indeed, we found some pairs that had no sperm present on the PVL in some or all of their eggs, and these would have been infertile and reduced the reproductive output of these pairs. Future work should focus on the factors that influence the variation in the number of sperm on the PVL of eggs both within and between pairs, and also across species. This work can be approached from a number of different angles, including how male and/or females and the environment act separately and in conjunction to influence sperm function.
One direct factor potentially contributing to variation in PVL sperm is the rate of pair copulations, given that limited copulations may lead to declining sperm numbers across the clutch due to sperm loss (Birkhead et al. 1993 , Birkhead and Fletcher 1998 , Lifjeld et al. 2000 . In our study, birds were not restricted in any way from mating, and the highly variable number of sperm across the clutch suggests that sperm availability was not declining. However, it would certainly be interesting to explore the variation in the rate of copulation across pairs and species to determine the extent to which it may help to explain the variation that we have characterized in the number of sperm on the PVL.
Although we may expect that the rate of copulation would be influenced by the rate of genetic polyandry within a species, there is no obvious direct link between the rate of genetic polyandry in these species and the number of sperm found on the PVL. All 3 species have relatively low rates of extrapair paternity compared to the level seen in other socially monogamous passerines (~15%; Griffith et al. 2002) . The levels of extrapair paternity in terms of offspring are 2% in the Zebra Finch ), 12.8% in the Long-tailed Finch (van Rooij et al. 2016 , and 8.6% in the Gouldian Finch (Bolton et al. 2017) . Regardless, most of the pairs we studied were breeding in a context (single pairs to a cage) that prevented matings by multiple mates. An obvious remaining question is the extent to which a different social context, and access to more potential mates, may affect the number of sperm on the PVL. In the relatively limited sample of Zebra Finch pairs that were breeding in a social context in an aviary, and in which the females may have mated with multiple partners, we found similar numbers of sperm on the PVL (to those in cages). However, more work is needed to evaluate how different social contexts may affect PVL sperm, especially in species with higher rates of extrapair paternity. One example of how the social context may alter the number of sperm reaching the ovum comes from previous work on the Gouldian Finch, which found that sperm morphology varies over time, with sperm length varying in relation to the social competitive context (Immler et al. 2010) . Such morphological variation could alter the ability of one male's sperm to outcompete a potential rival's sperm or a female's selection of a type of sperm, even in the absence of competition between multiple males (Immler et al. 2010 . Sperm morphology can change across ejaculates and likely varies within a species, depending on the amount of sperm competition faced , Calhim et al. 2007 , Immler et al. 2010 . In perhaps the most intensively studied species, the Zebra Finch, it has been reported that the sperm morphology is consistent within an individual male (Birkhead and Fletcher 1995 , Birkhead et al. 2005 . However, even then, the variation between males might affect the degree to which their sperm gets onto the PVL of the eggs laid by their partner. Two recent studies on the Zebra Finch have demonstrated this. First, Bennison et al. (2015) showed that longer sperm are more likely than shorter sperm to reach the egg, which translates into a higher likelihood of paternity. Next, Hemmings et al. (2016) demonstrated that it is not just length, but the overall morphological composition of sperm, that influences the success of sperm in reaching the ovum. This may explain the variation in PVL sperm numbers we saw between pairs, but not the within-pair variation in the Zebra Finches. More comprehensive studies are needed to understand such variation, and how and why the amount of sperm varies over the laying order of a clutch, as seen here in the Long-tailed Finch and Gouldian Finch, and previously in the Blue Tit, Bluethroat, and Tree Swallow (Table 1) . Is it simply a byproduct of the amount of sperm inseminated and of varying copulation rates over the fertile period, changing sperm morphology, or does it reflect changes in male or female reproductive physiology?
Our study almost doubles the number of species for which reasonable samples of eggs and clutches have been examined with respect to sperm numbers on the PVL (see Table 1 ). It is unwise to make too much from a comparison across this relatively low number of species, beyond the fact that the estimates within the different Zebra Finch studies are remarkably consistent, whereas those for both the Great Tit and Blue Tit vary a lot between studies and populations. The latter may reflect genuine spatial or temporal differences across populations, or it may just represent sampling effects combined with a high variance among pairs; it provides an interesting target for further work. This is further supported by a comparison of the SE estimates across the different species, estimated with roughly similar sample sizes (at both the egg and the clutch level). This does suggest that perhaps the level of variance in the number of sperm varies across species, being particularly high in the Tree Swallow and particularly low in the 3 estrildids.
Finally, further research is needed to characterize interactions between sperm and the environment (internal and external; i.e. sperm ecology), which could be interacting with or affecting factors discussed above. For example, some behavioral work has focused on the importance of behavioral compatibility of socially monogamous partners (Adkins-Regan and Tomaszycki 2007, Mariette and Griffith 2012) , as well as perhaps the experience of mating partners (Ollason and Dunnet 1978, Komdeur 1996) , both of which could influence precopulatory and postcopulatory sperm selection. Future studies of socially monogamous species should examine the extent to which the number of sperm on the PVL is related to behavioral measures of partner quality, such as duration of the pair-bond, coordination during other activities such as nest building or parental care, and perhaps also traits such as courtship or nest-building rituals that could serve to coordinate the pair physiologically at around the time of fertilization. Furthermore, sperm quality may also be affected by intrinsic qualities such as female or male age (Santos et al. 2013 (Santos et al. , 2015 , extrinsic environmental factors such as heat (Ashizawa and Sano 1990 , Ashizawa et al. 2010 , Vallverdú-Coll et al. 2016 , or a combination of both as with diet and toxins (Eid et al. 2006 , Møller et al. 2014 , Vallverdú-Coll et al. 2016 . Future studies can either address these different ideas directly or start narrowing down the likely possibilities by examining the extent to which variation in sperm numbers on the PVL is driven by males, females, or an interaction between them. One of the key reasons for doing so is because between 3.8% and 24% of avian eggs fail to hatch (Spottiswoode and Møller 2004) , and gaining a better understanding of fertilization processes is likely to play an important role in understanding the determinants of that failure. Further investigation of the number of PVL sperm is likely to provide additional insight into the mechanisms through which postcopulatory isolating mechanisms can occur both within and between species (i.e. Veen et al. 2001 . For example, assessing the number of sperm on the PVL after matings in different contexts (i.e. with conspecific and heterospecific males) may help us understand at which point cryptic female choice may be taking place. Is it upstream of the egg, such as through the biased selection of sperm for storage or through filtering along the reproductive tract, or is it largely the result of interactions between egg and sperm? Further work on the ability of males and females to optimize the number of sperm on the PVL is also likely to provide new insight into the forms of selection that might affect the relative reproductive success of different pairs
